Introduction
Chronic myeloid leukemia (CML) is a HSC-derived and progenitor-driven myeloproliferative disorder that may progress from a clinically manageable chronic phase to an incurable blastic phase (1) . BCR-ABL1 is a tyrosine kinase whose constitutive activity is essential for CML emergence, maintenance, and progression (1) . Most CML patients undergoing tyrosine kinase inhibitor (TKI) monotherapy achieve major or complete molecular response (CMR) with low risk of relapse or progression (2) . However, only a few patients in CMR do not relapse after discontinuation of TKI (e.g., imatinib) therapy (3) . Persistence of cells from the original BCR-ABL1 + clone in TKI-treated patients, but not in allogeneic transplanted patients in CMR (4) , suggests the existence of nonproliferating (quiescent) CML HSCs with innate TKI resistance (5), for which BCR-ABL1 kinase activity appears dispensable (5) (6) (7) (8) . However, how these cells persist in TKI-responsive patients, and whether BCR-ABL1 expression is required for their survival/ self-renewal, remain unknown. Seemingly, the safety and clinical benefit of various approaches envisioning the direct killing or induction of these leukemic HSCs into cell cycle as a mechanism to restore TKI sensitivity (9) (10) (11) (12) (13) (14) is as yet uncertain.
Here we show that BCR-ABL1 expression, but not activity, is important in CML quiescent HSCs because it allows recruitment and activation of JAK2 that, in turn, enhances β-catenin activity and induces SET-mediated inactivation of protein phosphatase 2A (PP2A) (15) , a tumor suppressor whose lost activity in cancer, including CML, can be pharmacologically restored (15) (16) (17) (18) by PP2A activating drugs (PADs; e.g., 1,9-dideoxy-forskolin, FTY720, OSU-2S, and SET-binding peptides; ref. 19) . FTY720 (fingolimod; Gilenya [Novartis] ) is an oral sphingosine analog used in MS patients (20) because it acts as an immunosuppressant that, upon phosphorylation, is internalized by the sphingosine-1-phosphate receptor (S1PR1) (21) . FTY720 also has strong anticancer activity that does not require phosphorylation or S1PR1 interaction, but depends on restoration of PP2A function (16) (17) (18) . FTY720-induced PP2A activity promotes BCR-ABL1 inactivation/degradation and inhibition of survival factors (e.g., JAK2, Akt, and ERK1/2) (15, 16) . This results in apoptosis of CD34 + progenitors from TKI-sensitive and -resistant CML patients, but not from healthy individuals, which already harbor highly active PP2A (15, 16) , and ultimately translates into longterm survival with normal myelopoiesis and absence of toxicity in BCR-ABL1 + leukemic mice (16) .
Herein, we provide evidence that restoration of PP2A activity by FTY720 or its nonimmunosuppressive derivatives (S)-FTY720-OMe, (S)-FTY720-regioisomer, and OSU-2S selectively suppressed survival of CML, but not normal quiescent HSCs, both in vitro and in vivo. Mechanistically, FTY720 disrupted the SET-PP2A interaction, thereby allowing PP2A reactivation, which inhibited BCR-ABL1-recruited JAK2 and impaired β-catenin-dependent survival through GSK-3β activation. These findings may further CML therapy into a setting where patients are brought into CMR by TKIs and possibly cured by FTY720 or its derivatives.
Results

Survival and self-renewal of quiescent CML HSCs requires silencing of the PP2A tumor suppressor and is modulated by FTY720 and its nonimmunosuppressive derivatives.
In the stem cell-enriched CD34 + CD38 -cell fraction (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI68951DS1), levels of PP2A phosphatase activity were ∼77% and ∼84% lower in CML chronic phase (CML-CP, n = 3) and blast crisis (CML-BC; n = 3), respectively, than in HSCs derived from normal BM (NBM) of healthy individuals (n = 4) ( Figure 1A , left). Furthermore, treatment of leukemic HSCs (22, 23) with FTY720 -at a nontoxic concentration for normal CD34 + progenitors (16) -restored PP2A activity at levels superimposable to those observed in the identical cell fraction from healthy donors. As expected, PP2A activity was inhibited in CD34 + CD38 + CML-CP cells compared with normal progenitors and in BCR-ABL1-versus vector-expressing myeloid 32Dcl3 precursors. Accordingly, levels of the endogenous PP2A inhibitor SET (lane 3) was used as control. *P < 0.05, **P < 0.01, ***P < 0.001.
(also known as I2PP2A) were significantly higher in CML than NBM CD34 + CD38 -and CD34 + CD38 -CD90 + ( Figure 1A , right) HSC-enriched cell fractions (Supplemental Figure 1A) , and its association with the catalytic subunit of PP2A (PP2Ac) was efficiently disrupted by FTY720 in both HSC-enriched CD34 + CD38 -CML (n = 3) and Philadelphia chromosome-positive (Ph + ) K562 cells ( Figure 1B) . Similarly, PP2A activity was inhibited by 80% in lineage-negative (Lin -) BM cells from leukemic BCR-ABL1-tg mice (n = 8) (Supplemental Figure 1B and ref. 24) .
The relevance of PP2A silencing in CML HSC self-renewal and growth/survival was assessed by CFC/replating and long-term culture-initiating cell (LTC-IC) assays, respectively. A significant reduction of approximately 60%-90% in replating efficiency was observed upon HA-tagged PP2Ac lentiviral transduction (P < 0.01) (n = 3) or FTY720 treatment (P < 0.01) of human CD34 + CD38 -CML (n = 3) and mouse Lin -(n = 3) and Lin -Sca-1 + c-Kit + (LSK) (n = 3) BCR-ABL1-tg cells (Figure 2A and Supplemental Figure  1B) . Conversely, FTY720 did not affect the replating ability of CD34 + CD38 -cells derived from NBM (n = 3) (Figure 2A ). Similarly, LTC-ICs were inhibited by 60%-70% (P < 0.01) in FTY720-treated (n = 9) versus untreated CML cells, but it did not reduce the number of LTC-ICs derived from healthy donors (n = 3) (Figure 2A) . As expected (7), imatinib did not alter CFC/replating and LTC-IC efficiency of leukemic HSCs (n = 9) (Figure 2A and Supplemental Figure 1B) . Impaired self-renewal/survival of FTY720-treated leukemic HSCs was accompanied by a pronounced decrease in the absolute number of CFSE max CD34 + quiescent leukemic HSCs ( Figure 2B , inset); in fact, PP2A reactivation by FTY720 triggered apoptosis (Annexin V + ) and induced a ∼60% decrease in CML HSCs (n = 19; P < 0.001) and a ∼90% decrease in BCR-ABL1-tg CFSE max HSCs ( Figure 2B and Supplemental Figure 1B ). This effect was PP2A mediated, as it was antagonized by 0.25 nM okadaic acid (Figure 2B) , which reportedly specifically inhibits PP2A activity only (15, 16) . Consistent with the lack of FTY720 activity and with the already high levels of PP2A in CD34 + progenitors (15, 16) and CD34 + CD38 -HSC-enriched BM cell fractions from healthy individuals (n = 6) ( Figure 1A and Supplemental Figure 1C ), FTY720 neither induced apoptosis nor reduced the absolute number of CFSE max CD34 + quiescent HSCs from NBM samples ( Figure 2B ). Interestingly, a nonsignificant increase (P = 0.07) in the CFSE max fraction was observed upon treatment of CD34 + NBM cells with FTY720 and its derivatives ( Figure 2B ), in agreement with the reported ability of FTY720 to promote growth and BM homing of normal CD34 + CD38 -HSCs (25) .
Although more than 90% of intracellular FTY720 remained unphosphorylated in BCR-ABL1 + cells ( Figure 2C ), FTY720 induces lymphopenia upon phosphorylation and S1PR1-mediated internalization (26) . Thus, we tested the activity of 3 FTY720 derivatives, (S)-FTY720-OMe, (S)-FTY720-regioisomer, and OSU-2S, which activated PP2A both in CML HSCs and in progenitors ( Figure 1A and Figure 2D ) without triggering S1PR1 internalization or inducing B-lymphopenia ( Figure 2 , D and E). These drugs significantly reduced the number of CML, but not normal, CFSE max CD34 + quiescent cells ( Figure 2B ). Conversely, the immunosuppressor and phosphorylated FTY720 (FTY-P) neither activated PP2A (17) nor reduced numbers or induced apoptosis of CD34 + CD38 -CML cells (n = 8; P < 0.05) ( Figure 2B ).
PAD-induced apoptosis of quiescent HSCs requires BCR-ABL1 expression, but not its activity. FTY720 induces PP2A-dependent BCR-ABL1 dephosphorylation (15, 16) , and we found it to increase imatinib-induced apoptosis of CD34 + CML progenitors ( Figure  3A , left). However, a FTY720-induced decrease in the levels of Y245-phosphorylated BCR-ABL1 (pABL Y245 ) was observed in the bulk of CD34 + cells, but not in the CFSE max fraction ( Figure 3B ), which indicates that inhibition of BCR-ABL1 activity by FTY720 did not occur in the quiescent fraction of CD34 + CML cells. In the latter, FTY720-induced apoptosis was not influenced by BCR-ABL1 kinase inhibition ( Figure 3A, right) . In fact, suppression of BCR-ABL1 activity ( Figure 3B ) did not result in apoptosis of quiescent CML HSCs ( Figure 2B and Figure 3A) . Interestingly, ∼7-fold lower BCR-ABL1 activity was found in CFSE max CD34 + versus total CD34 + CML cells (P < 0.05) ( Figure 3B ). Analysis of BCR-ABL1 levels and phosphorylation in quiescent and dividing CML HSCs (n = 3) showed higher expression in quiescent cells that did not depend on increased BCR-ABL1 transcription ( Figure 3C ). Conversely, levels of phosphorylated (active) BCR-ABL1 in quiescent HSCs were reduced or identical to those in dividing cells ( Figure  3C ), suggesting a role for BCR-ABL1 in CML HSCs independent of its kinase activity. Indeed, ectopic expression of a kinase-deficient K1172R BCR-ABL1 mutant efficiently suppressed PP2A activity in 32Dcl3 myeloid cells and in primary mouse LSK cells ( Figure 4A and Supplemental Figure 2 ), thereby indicating that BCR-ABL1 expression and not its activity is critical for CML HSC survival.
JAK2 activation is essential for CML HSC survival and requires both expression of BCR-ABL1 and suppression of PP2A activity. In BCR-ABL1 + myeloid progenitors, JAK2 interacts with BCR-ABL1 and upregulates SET leading to PP2A inactivation (27) , while forced PP2A reactivation results in JAK2 inhibition (15) . Because BCR-ABL1 activity in CD34 + CD38 -cells is reduced by JAK2 inhibition, and JAK2 inhibited PP2A and was associated with and equally induced by WT and kinase-deficient K1172R BCR-ABL1 in primary mouse LSK and 32Dcl3 myeloid cells (Figure 4 , A and B, and Supplemental Figure 2) , it is possible that BCR-ABL1 recruits JAK2 and allows its activation (48), and OSU-2S (49) are also shown. *P < 0.05, **P < 0.01, ***P < 0.001, Student's t test.
in a BCR-ABL1 kinase-independent manner. This, in turn, might lead to JAK2-dependent BCR-ABL1 stabilization (28) and regulation of HSC survival. Indeed, JAK2 activity was strongly enhanced in CML (n = 3) compared with NBM (n = 3) CFSE max CD34 + cells and reduced in HSC-enriched CD34 + CD38 -CML cells upon shRNAmediated BCR-ABL1 downregulation (n = 3) or FTY720 treatment (n = 4) ( Figure 4B ). Furthermore, pharmacologic JAK2 inhibition by TG101348, TG101210, and/or JAK inhibitor 1 decreased CML LTC-IC (n = 4) and CFC/replating (n = 3) activities by 80% and 72%, respectively, and decreased by 51% the number of quiescent CML (n = 8), but not NBM (n = 5), HSCs in an okadaic acid-sensitive manner (n = 3) ( Figure 4C ), which indicates that the effect of JAK2 inhibition on CML HSC survival/self-renewal is mediated by PP2A.
PP2A and JAK2 control the activity of the Wnt signaling factor β-catenin in a BCR-ABL1 kinase-independent and PAD-sensitive manner. Because of the reported interplay of PP2A with JAK2 (27) and β-catenin (29) , and given the essential role played by β-catenin in the regulation of survival/self-renewal of normal and leukemic stem cells (14, (30) (31) (32) , we hypothesized that β-catenin may represent the downstream effector of the BCR-ABL1/JAK2 axis in CML HSCs. Indeed, shRNA-mediated JAK2 downregulation in CD34 + CD38 -CML cells significantly decreased the expression of β-catenin (Figure 5A ). Moreover, β-catenin expression was markedly decreased in CD34 + CD38 -CML cells transduced with PP2Ac or in leukemic HSCs exposed to FTY720 (PP2A activation), but not in those treated with imatinib (BCR-ABL1 inhibition) ( Figure 5B and Supple- mental Figure 3) , consistent with the notion that PP2A is capable of suppressing β-catenin activity/expression (29) . The importance of PP2A for β-catenin function, and its dependence on JAK2 (but not BCR-ABL1) activity, was confirmed by LEF/TCF luciferase assays. In fact, the PP2A activators FTY720 and 1,9-dideoxy-forskolin and the JAK2 inhibitor TG101348, but not imatinib, markedly impaired β-catenin transcriptional activity in CML HSCs and BCR-ABL1 + myeloid cells ( Figure 5C and Supplemental Figure  3C ). As β-catenin inactivation depends on phosphorylation by GSK-3β, which undergoes activation by PP2A, treatment of CD34 + CML cells with the GSK-3β inhibitors LiCl and SB216763 induced accumulation of CFSE max CD34 + quiescent cells, even in the presence of FTY720 ( Figure 5D ). Thus, β-catenin inhibition by PP2A-activated GSK-3β is essential for the detrimental effect of FTY720 on quiescent CML HSC survival/self-renewal.
FTY720 suppresses leukemic HSC survival in vivo. To assess the biological importance and therapeutic relevance of PP2A reactivation on CML HSC survival, we used 2 different approaches. In the first set of experiments, PP2A reactivation by FTY720 (4-week treatment) reduced leukemic LSK cells by ≥50% and splenic and/ or BM long-term HSCs (LT-HSCs) by ≥70% in congenic recipients transplanted with total BM (n = 16) or LSK (n = 13) cells from BCR-ABL1-tg mice ( Figure 6, A and B, and ref. 13) . In this first set of experiments, leukemic engraftment was observed in 25% and 83% of secondary recipients that received BM from FTY720-and vehicle-treated mice, respectively (Table 1, experiment 1). Limiting dilution assays showed that FTY720 reduced leukemic LT-HSC frequency by ∼80% (untreated donor, 2.23 × 10 -6 LT-HSCs; FTY720-treated donor, 0.45 × 10 -6 LT-HSCs), as determined by Poisson distribution and the method of maximum likelihood (Table 1, experiment 2) .
Accordingly, in experiments with xenotransplanted CML patient cells, ∼83%, ∼85%, and ∼97% reductions in total human CD45-expressing (hCD45 + ) cells, CD45 + CD34 + progenitors, and CD45 + CD34 + CD38 -HSCs (P < 0.001), respectively, were evident after 4 and 8 weeks of FTY720 treatment (8 and 16 weeks after transplant) in BM of mice (8-10 per group) engrafted with CML-BC (n = 3) CD34 + BM cells ( Figure 6 , C and D). Likewise, CML hCD45 + CD33 + myeloid cells were also reduced (Supplemental Figure 4) . Notably, similar numbers of hCD45 + cell were found in untreated CML mice at 8 and 16 weeks after transplant (Figure 6D) . This, together with the significant decrease in BCR-ABL1 transcripts and the presence of mostly normal hCD45 + cells in BM of FTY720-treated animals transplanted with a CML-BC sample containing a ∼25% BCR-ABL1 -metaphases ( Figure 6F) , is indicative of an expansion of human normal hematopoietic cells that, as expected, do not represent a target of FTY720. Accordingly, FTY720 did not exert noteworthy effects on identical human cell fractions from mice engrafted with umbilical cord blood (UCB) (n = 3) CD34 + cells; however, as expected, it reduced numbers of circulating B (CD19 + ) and T (CD3 + ) cells ( Figure 6E and Supplemental Figure 4) . Thus, pharmacologic reactivation of PP2A by FTY720 markedly and selectively reduces the number of leukemic HSCs and progenitors responsible for CML emergence, maintenance, and relapse, both in vitro and in vivo.
Discussion
The notion that TKIs do not kill quiescent CML HSCs (5) because BCR-ABL1 activity is dispensable for their survival (7, 8) suggests that other aberrantly regulated signals control leukemic stem cell persistence (5, (33) (34) (35) . Our present findings support the hypothesis that BCR-ABL1 expression per se is required for survival of CML HSCs. BCR-ABL1 expression, but not its kinase activity, was indeed substantially higher in human quiescent than in dividing HSCs; this upregulation was not transcriptional, but likely relies on stabilization (28) of BCR-ABL1 protein in a nearly inactive state. A similar pattern of BCR-ABL1 expression was also observed in leukemic HSCs and progenitors from BCR-ABL1-tg mice (24) . Moreover, BCR-ABL1 downregulation and expression of a kinase-deficient BCR-ABL1 mutant in quiescent HSCs allowed JAK2 activation that, in turn, controlled quiescent CML HSC survival/self-renewal, likely upon stabilizing BCR-ABL1 ( Figure 4E ). Accordingly, JAK2 activity was higher in CML HSCs than in normal quiescent HSCs, JAK2 inhibition reduced survival/self-renewal of CML HSCs, and a previous report showed that levels of BCR-ABL1 and its JAK2-dependent Y177 phosphorylation decrease upon JAK2 downregulation in CD34 + progenitors (28) . These findings indicate that JAK2 stabilizes BCR-ABL1 and uses it as a scaffold to control survival signals. Indeed, BCR-ABL1 and JAK2 coexist in a complex containing HSP90 and other signaling proteins (e.g., Akt, Lyn, GSK-3β, Erk, and STAT3) in K562 cells (36) . Importantly, short-term imatinib treatment did not destroy this complex, but a dual BCR-ABL1/ JAK2 kinase inhibitor rapidly disassembled this structure (36) . Strengthening the importance of the BCR-ABL1/JAK2 interplay, we showed that JAK2 activity was necessary for BCR-ABL1 kinaseindependent induction, nuclear localization, and transcriptional activity of β-catenin in CML HSCs. Indeed, retroviral BCR-ABL1 transduction/transplantation studies with β-catenin WT and null cells suggested the importance of β-catenin for survival/self-renewal of dividing BCR-ABL1 + stem/progenitors and revealed that BCR-ABL1 induces β-catenin in an imatinib-insensitive manner (14, 31) . Moreover, loss of β-catenin in CML mice resulted in delayed disease recurrence/relapse upon imatinib discontinuation and reduced frequency of leukemic, but not normal, HSCs (37) . The existence of a JAK2-β-catenin pathway requiring BCR-ABL1 expression, but not its activity, does not contradict the BCR-ABL1 kinase-dependent β-catenin induction/stabilization observed in CML progenitors (38, 39) . Indeed, TKI sensitivity characterizes dividing, but not quiescent, CML cells. In this regard, we reported that induction of the JAK2-SET pathway and PP2A inhibition occurred in a BCR-ABL1 kinase-dependent manner in CD34 + CML progenitors and BCR-ABL1 + lines (15, 16, 27) . We showed that SET-mediated PP2A inactivation was essential for survival/self-renewal of quiescent CML HSCs and maintenance of an active JAK2-β-catenin pathway and that PP2A is suppressed in CML HSCs in a BCR-ABL1 kinase-independent, JAK2-dependent manner. This is not surprising, as JAK2 and PP2A negatively regulated each other ( Figure 4E ) in hematopoietic progenitors (15, 16, 27, 40) . Thus, we conclude that PP2A inactivation has a pivotal role in the maintenance of leukemic HSC survival/self-renewal in TKI-treated CML patients.
We provided evidence that the PP2A activator FTY720 is not toxic to normal HSCs, but markedly impairs self-renewal and survival of quiescent CML HSCs. Surprisingly, these effects were not due to BCR-ABL1 inactivation, as we previously reported in CML progenitors (16) , but were mostly mediated by the PP2A-induced inactivation of JAK2 and β-catenin. This was not unexpected; in fact, FTY720-dependent restoration of PP2A activity in leukemic progenitors is accompanied by decreased PP2Ac Y307 phosphorylation, a JAK2-dependent direct mechanism of PP2A inactivation (40) . Likewise, PAD-induced (FTY720 and 1,9-dideoxy forskolin) β-catenin inhibition could depend not only on JAK2 inhibition, but also on a direct effect of PP2A on β-catenin itself and GSK-3β, which is part of the β-catenin destruction complex (29, 41) . The dependence of FTY720 antileukemic HSC activity on PP2A reactivation and consequent inhibition of β-catenin is also supported by the counteracting effect of the PP2A inhibitor okadaic acid (15) on FTY720 and the JAK2 inhibitor TG101348, as well as that of the GSK-3β inhibitors on FTY720. FTY720 has strong in vitro and in vivo proapoptotic activities toward leukemic stem/progenitor cells with a desirable nontoxic profile in ex vivo primary cells and longterm animal studies (16) . FTY720-induced immunosuppression (20) leading to lymphopenia could be avoided by using FTY720 derivatives that are equally effective in killing leukemic HSCs and progenitors, but do not require phosphorylation, which is the main step for the immunosuppressive activity of FTY720 and is dispensable for the antileukemic activity of this compound (20) .
In conclusion, our present findings provided evidence that an oncogenic tyrosine kinase like BCR-ABL1 can exert its leukemogenic potential in spite of its activity by controlling leukemic stem cell behavior through recruitment and activation of other oncogenes (e.g., JAK2), and that CML cure is potentially achievable by eradicating the disease at the stem cell level using PADs. Moreover, the present study and our previous reports (15, 16) strongly support also testing PADs in all types of Ph + leukemias. Importantly, the advantage of using PADs is in their potentially high therapeutic index, as they selectively activate PP2A in leukemic HSCs/progenitors without adverse effects on normal hematopoiesis. Notably, a rather short-term in vivo treatment with FTY720 did not lead to complete eradication of leukemia-initiating cells, as their reduction did not achieve a full log difference; however, the safety profile of PADs like FTY720 and its derivatives allows for prolonged treatment, which may entirely deplete the leukemic stem cell reservoir through sustained activity of PP2A against leukemic self-renewal and survival. Furthermore, because of their wider implications on other molecular networks (Figure 7 ) that control CML stem cell fate (10, 12, 14, 42) and are regulated by PP2A (29, 41, 43, 44) , the biological and clinical importance of our findings is not limited to CML, but may be extended to other stem cell malignancies.
Methods
Cell lines
The 32Dcl3 and K562 cell lines were maintained in culture in Iscove modified Dulbecco medium (IMDM), 10% FBS, and 2 mM l-glutamine. 32D-p210 BCR-ABL1 , p210 K1172R , and JAK2-expressing 32Dcl3 cells were generated by retroviral infection as previously described (45). PE-Cy7 (BD Biosciences). The Lin -fraction of murine mononuclear cells was stained with anti-Sca-1 PE-Cy7 (BD Biosciences) and anti-c-kit APCAlexa Fluor 750 (eBioscience). CD34 + CD38 -and LSK fractions were sorted by fluorescence-activated cell sorting with a FACS Aria II instrument (BD Biosciences). Where indicated, the CD34 + and TKI-resistant (50-53) CFSE + CD34 + fractions from normal or CML samples, and the CD34 + fraction from pHIV7-sp1 shBCR-ABL1-transduced CML samples, were stained with anti-CD34 PE and anti-CD38 PE-Cy7 (BD Biosciences), fixed and permeabilized with the BD Cytofix/Cytoperm Kit (BD Biosciences), and stained with either a specific primary antibody or an isotype-matched control and a secondary goat F(ab′) anti-rabbit conjugated to Alexa Fluor 647 (Invitrogen); intracellular flow data are reported as fold change of the isotype-subtracted median fluorescence intensity (MFI) of the Alexa Fluor 647 signal. Primary antibodies used were rabbit anti-phospho-c-Abl (pY245; Cell Signaling Technology), rabbit anti-phospho-JAK2 (pY1007/1008; Cell Signaling Technology), and rabbit anti-SET (I2PPA; Globozyme).
CFSE-mediated tracking of cell division
CFSE-stained cells (CellTrace CFSE Proliferation Kit; Invitrogen) were cultured in the presence of the indicated drugs (dosed at time 0 and at day 3), and the cells were harvested after 3 or 6 days in culture and stained with anti-CD34 PE, Annexin-V V450, and the viability stain 7-AAD (BD Bioscience) to determine the number of viable quiescent cells (CFSE max CD34 + 7-AAD -) and the percentage of quiescent and apoptosiscommitted cells (CFSE max CD34 + Annexin V + 7-AAD + ). Cells were sorted into dividing and quiescent populations for Western blot analysis. For assessment of mouse quiescent leukemic HSCs, Lin -cells from 8-weekinduced SCLtTA/BCR-ABL1 mice (24) were CFSE stained and used as described above. Quiescent cells (CFSE max CD34 + ) were reported as a fraction of the initial number of CD34 + cells.
LTC-IC and CFC/replating assays
2 × 10 6 mononuclear CML cells were cultured with a 1:1 mixture of irradiated (80 Gy) IL-3/G-CSF-producing M2-10B4 and IL-3/KL-producing SI/ SI murine fibroblasts in MyeloCult H5100 (StemCell Technologies) supplemented with hydrocortisone. Drugs were present during the first week of culture. Medium was replaced after 7 days, followed by weekly half-medium changes. After 6 weeks, adherent and floating cells were harvested, and 5 × 10 4 cells were plated into MethoCult H4435. LTC-IC-derived colonies were scored after 14 days. For CFC/replating, individual 14-day colonies from 10 3 -10 5 CD34 + CD38 -CML or 0.2 × 10 3 -10 3 leukemic LSK cells plated in 0.9% H4435 or M3234 MethoCult, respectively, containing KL, G-CSF, GM-CSF, IL-3, IL-6, and Epo were replated and scored 2 weeks later.
Primary cells
Progenitors (CD34 + ) and HSC-enriched fractions (CD34 + CD38 -; CD34 + CD38 -CD90 + ) were isolated from UCB and from mononuclear cells from BM or peripheral blood (PB) from 96 total patients with unidentifiable CML-CP (n = 34), accelerated phase CML (n = 6), or CML-BC (n = 56) as well as from 27 healthy donors (Supplemental Table 1 BM cells were obtained from the femurs and tibias of WT FVB/N mice and from previously described 8-week-induced leukemic SCLtTA/BCR-ABL1 mice (46) . BM mononuclear cells were used for isolation of the Lin -fraction (lineage depletion kit; Miltenyi Biotech). When cultured, murine stem/ progenitor cells were kept in complete IMDM supplemented with murine IL-3 (2 ng/ml), IL-6 (1.2 ng/ml), KL (10 ng/ml), Flt-3 ligand (5 ng/ml), and GM-CSF (5 ng/ml).
Cells were treated as indicated with the following reagents: imatinib mesylate (Novartis); 1,9-dideoxy-forskolin, JAK inhibitor I (EMD Chemicals); TG101210, TG101348 (TargeGen Inc.); lithium chloride (Fisher); SB216763 (Cayman Chemicals). FTY720 was synthesized with subsequent HPLC purification (47) , and identity/purity was confirmed by nuclear magnetic resonance and mass spectrometry. (S)-FTY720-OMe, OSU-2S, and (S)-FTY720-regioisomer were synthesized as described previously (48, 49) .
Flow cytometric analysis and sorting of HSCs
Primary CD34 + cells were isolated by magnetic cell sorting (CD34 MultiSort; Miltenyi Biotec) and kept in IMDM supplemented with 30% FBS, 2 mM l-glutamine, rhIL-3 (20 ng/ml), rhIL-6 (20 ng/ml), rhFlt-3 ligand (100 ng/ml), and rhKL (100 ng/ml) (Stem Cell Technologies). The CD34 + fraction derived from the BM of healthy donors and the PB or BM of CML patients was stained with anti-CD34 FITC or PE, and anti-CD38 Original magnification, ×1,000. *P < 0.05, **P < 0.01, ***P < 0.001, Student's t test. 
LEF/TCF reporter assay
CD34 + CD38 -CML cells were transduced with pBAR or pfuBAR (negative control) β-catenin lentiviral reporter constructs (54), puromycin selected, and treated with the indicated drugs. Luciferase was measured using the Bright-Glo Luciferase system (Promega).
Immunofluorescence and proximity ligation assay
CD34 + CD38 -cells from CML patient samples or LSK cells derived from induced leukemic mice were sorted, treated in liquid culture with the indicated drugs, and cytospun onto glass slides. Slides were fixed in 3.7% formaldehyde; permeabilized with 0.05% Triton X-100; stained with an anti-β-catenin primary antibody (Cell Signaling), a secondary goat F(ab′) anti-rabbit conjugated to Alexa Fluor 647, and the nuclear stain DAPI (Invitrogen); and mounted with Slowfade antifade reagent (Invitrogen). Microphotographs were obtained with a Zeiss LSM 510 confocal laser-scanning microscope with C-Apochromat 63/1.2 W objective. At least 3 fields per slide were acquired. For the proximity ligation assay, CD34 + CD38 -CML cells were treated, fixed, and permeabilized as described above. Slides were then simultaneously stained with a mix of mouse anti-PP2A (Millipore) and rabbit anti-SET (Globozyme) antibodies. The proximity ligation assay procedure (Duolink; Olink Bioscience) was performed according to the manufacturer's instructions. An average of 20 z stacks (10-μm sections) were captured with a Zeiss LSM 510 confocal laser-scanning microscope with C-Apochromat 63/1.2W objective; at least 3 fields per slide were acquired. 3-dimensional projections were generated, and the number of positive signals per cell was calculated by ImageJ software (NIH).
Figure 7
The PAD-sensitive network in CML HSCs. Shown is the BCR-ABL1/JAK2-SET/PP2A-GSK-3β/β-catenin molecular network in untreated (left) and FTY720-treated (right) stem and progenitor CML cells.
The lysates were dried, reconstituted in methanol, injected on the mass spectrometer, and gradient eluted from the Hypersil BDS C8 column (Thermo Scientific) with 1 mM methanolic ammonium formate and 2 mM aqueous ammonium formate mobile phase system. Analysis was performed using Xcalibur software. Calibration curves were constructed by plotting peak area ratios of synthetic standards, representing each target analyte, to the corresponding internal standard. The target analyte peak area ratios from the samples were similarly normalized to their respective internal standard and compared with the calibration curves using a linear regression model. Plasmids pHIV7-GFP-sp1. The lentiviral pHIV7-GFP vector containing the shRNA specific for the b3a2 (e14a2) translocation breakpoint of BCR/ABL was provided by J. Rossi (Beckman Research Institute, City of Hope, Duarte, California, USA). Prior to transduction, the presence of the b3a2 BCR-ABL1 translocation was assessed by RT-PCR, as previously described (57) . pBAR and pfuBAR. The β-catenin-responsive luciferase reporter lentiviral vector pBAR contains 12 TCF binding sites separated by 5 nucleotide linkers directly upstream of a minimal TK promoter that drives the expression of firefly luciferase. The pfuBAR reporter is characterized by the substitution of 2 nucleotides in each TCF element that makes it unresponsive to β-catenin.
BM serial transplantation assays and in vivo effect of FTY720 on LT-HSCs from transgenic BCR-ABL1 mice
pSRα-p210 and pSRα-p210-K1172R. The plasmid pSRαMSVtkneo-p210 has been described previously (58) . The p210 kinase-deficient (K1172R) mutant was obtained from C. Sawyers (UCLA, Los Angeles, California, USA). MigR1-p210 (gift of W.S. Pear, University of Pennsylvania, Philadelphia, Pennsylvania, USA) and MigR1-p210-K1172R BCR-ABL have been previously generated by subcloning the WT and mutated BCR-ABL1 cDNA into the MigR1 EcoR1 site.
pNALDINI-HA-PP2Ac. The HA-tagged PP2Ac cDNA was PCR amplified from pHM6-HA-PP2Ac (15) and subcloned into the pNALDINI.CMV. IRES.EGFP lentiviral vector.
pGIPZ-shJAK2. The construct carrying the shRNA targeting human JAK2 was from Open Biosystems (clone ID V2LHS_61653).
Western blot analysis and immunoprecipitation
Lysates obtained from cell lines were subjected to SDS-PAGE and Western blot as described previously (15) . Primary CML cells sorted from the CFSE tracking experiment were lysed in Laemmli buffer (10 μl/3,000 cells), denatured, and subjected to SDS-PAGE and Western blot. For immunoprecipitation, cells were lysed in 20 mM HEPES (pH 7.0), 150 mM NaCl, and 0.1% NP-40 supplemented with protease and phosphatase inhibitors. Lysates were precleared for 1.5 hours at 4°C, immunoprecipitated overnight at 4°C with protein G-plus agarose beads (Calbiochem) coated with anti-SET or anti-Abl antibody, and subjected to SDS-PAGE and immunoblotting. The antibodies used were as follows: anti-Abl (Ab-3), anti-actin (EMD); anti-phosphotyrosine (4G10), anti-PP2Ac (Millipore); anti-GRB2 (BD Biosciences); anti-β-catenin, anti-phospho-β-catenin (pS552), anti-JAK2 (Cell Signaling Technology); anti-phospho-JAK2 (pY1007/1008) (Epitomics); anti-SET (Globozyme).
PP2A phosphatase assay
PP2Ac assays from whole cell lysates were carried out as described previously (15) using the PP2Ac immunoprecipitation phosphatase assay kit (Millipore). Briefly, protein lysates (50 μg) in 100 μl of 20 mM HEPES (pH 7.0), 100 mM NaCl, 5 μg PP2Ac antibody (Millipore), and 25 μl protein A-agarose were added to 400 μl of 50 mM Tris (pH 7.0), 100 mM CaCl2, and immunoprecipitates were carried out at 4°C for 2 hours. Immunoprecipitates were used in the phosphatase reaction according to the manufacturer's protocol.
Liquid chromatography/electrospray ionization/tandem mass spectrometry (LC/ESI/MS/MS)
LC/ESI/MS/MS analysis of FTY720 and FTY-P were performed on a TSQ Quantum triple quadrupole mass spectrometer (Thermo Scientific) operating in a Multiple Reaction Monitoring (MRM) positive ionization mode, as described previously (59) . Briefly, cells were exposed to FTY720 or FTY-P (2.5 μM) for 10 minutes and snap frozen. Cell pellets, fortified with internal standards (17C-sphingosine and 17C-sphingosine-1P), were extracted with ethyl acetate/isopropanol/water (60:30:10 v/v).
